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ABSTRACT 

We refKjri new UST fSTlS ol>ser\"alioii8 that map the high- ionization forbidden line emission 
in the inner aresecond of Etn Car, the first that fnily image tlie extent Jed wind- wind interaction 
region of the massive colliding wind binary. These observations were obtained aftc^j' tlu‘ 2009.0 
periastron at orbital phases 0,084, 0.163, and 0.323 of the t5. 34-year spectroscopic cycle. We 
an^^lyze the variations in brightness and morpholog>^ of the emission, and find that blue-shifted 
emis.sion {=400 to —200 km is symmetric and elongated along the northeast-southwest axis, 
while the red-sliifted emission (+100 to +200 km s“*) is asymmetric and extends to the north- 
northwt'sl. Comparison to synthetic images generated from a 3-D dynamical model strengthens 
the 3-D orbital orientalion found by Madura et ah (2011), with an indiiiation i ^ 13S°, 

argument of periapsis a/ ^ 270^ , and an orbital jixis that is aligned at the same PA on the sky 
as the symmetry axis of the Hotnnnculus* 312®, We discuss the potential that iliese and future 
mai)piiigs have tor constraining the stellar parameters of the companion star and the long-term 
variability of the j^^stem, 

Sabjeet headings: stars: atniospheres — stars: mass-loss — stars: winds, outflows — stars: variables: 
general — supergiants — * stars: individual (Eta Cannae) 


1, Introduction 

Eta Carinae, one of the most luminous, vari- 
able objet4,s in our Milky Way, is sufficiently dose 
(D = 2,3 ± 0,1 kpc. Smith 200fi) that we can 
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study many of its properties throughout the elec- 
tromagnetic spectrum. As noticed by Damineli 
(1996), the object exhibits a o. 54-year orbital pe- 
riod characterized by a lengthy high ionization* 
state with multiple high ionization Itirhidden lines 
that disappear during months- long low ionization 
state (Damineli et al. 2iX18b). Eta Car is consid- 
ered to he a massive, liighly eccentric {e — 0,9, 


^ Lora' high ionisation are used here to describe atotuic 
species with ionization potentials (IPs) below and above 
13.6 eW the IP of hydrogen. 
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Corcoran 2005; Nielsen et al. 2005) binary consist,- 
ing of TfA^ ^ lummous blue variable (LBV), and 
a hot, less massive companion not directly 
SCH3H, but whc^ properties have been inferred 
from its effects on the wind of ff\ and the phc> 
loionization of nearby ejecta {Verner et aJ. 2005; 
Teodoroet al. 2008; Mehner et al. 2010, hereafter 
Me 10: Groh et al. 2010a,b) 

The total luininosit>% flojnimited I a- ??ai is ^ 

5x1 0*^ L rt, { D a.vids< >11 & 1 i u i n p 1 1 rey s 1997), with 
ibe total mass of tlu’ binary exceeding 120 
(Hillier et ah 2001, hereafter HOI), Radiative 
transfer modeling of //5T/STIB spatially- resolved 
spectroscopic observaiiuiis suggests that ri\ has a 
mass > 90 ,Ue, and a stellar wind with a mass-b&s 
rate of ^ lO^'^A/^ yr^* and terminal speed of 
500 — 600 km s"* (Hillier et ah 2001; Hillier et al. 

2006, hereafter H06), Models of the ol^iserved X- 
ray spectrum require the wind terminal velocity of 
ifu to be ~ 3000 km with a mass-loss rate of 

lO”®A/0 yr“’ (Pittard & Corcoran 2002). The 
spectral type of hits been loosely constrained 
via modeling of the inner ejecta to be a mid-0 su- 
pergiant (Verner et a!. 2005; Teodoro et al. 2008: 

Me 10). 

3-D numerical simulations suggest that the 
wind of tiB strongly influences the very^ dense 
wind of T}\, creating a low-density cavity and inner 
wiii{l-\\ind collision zone (WVVCZ) (Pittard k Corcoran 
2002; Okazaki et al. 2008; Parkin et al. 2009). 

The geometry and physical conditions of tliis in- 
ner region have been constrained from spatially 
unresolved X-ray (Henley el aL 2008). optical 
(Nielsen et al. 2007; DamiiieU et ah 2D0Sa). and 
near-iiifrared (Groh et. al 2010a,b) obsemitions. 

In addition to the interaction between the two 
winds in the inner region (at spatial scales com- 
parable to the semi-major axis leiigiln a ^ 15.1 
AU — 0^^0067 at 2.3 kpc), the 3-D hydrodynarn- 
ical simulations predict an outer j extended, bal- 
listic WWCZ that streidies to distances several 
orders of magnitude larger than the size of the 
orbit (Okazaki et £il 20(J8; Madura 2010. here- 
after MIO). Observational evidence for an ex- 
tended \NAVCZ comes frain the analysis of previ- 
ous //.S7ySTTS longslit obstTvations (G09; MIO; 
Madura et ai. 20i 1. hereafter MU) which re%^ealed 
spaiially-extendfx! forhitidon line emission from 
low- and high-ionizalion species at ^ O'.'! to tf'7 
(230 to 1600 .VC) from the cetiiral core. Dur- 


ing the high state. [Fe 11] line emission extends 
u]> to ±500 km along the ST IS slit, while 
[Fe HI] line emission extends to -400 km s”* for 
STIS slit position angles close to 45®. Radiative 
transfer modeling of the extended [Fe III] emission 
(MIO: Mi!) tightly consl rains the orbital inclina- 
tion. t ^ 138°, dose to the axis of inclination 
of the Homunculus, amt the argument of peri- 
apsis 210® 270® in agreement with most 

researchers (Damineli et al 2008b; Groh et. al. 
20l0a: Parkin et al 2009 and references therein). 
3’his constraint invalklaies the claim by sev- 
eral groups (Falcela-Gon^'alves k Abraham 2009; 
Kiishi Soker 2009 and references therein) that 
periastron occurs on the near side of t/a (w = 90®). 

Here we report new //5T/STIS ol>sen^ations. 
the first that fully map the inner arcsecond high- 
ionization, forbidden line emission of Eta Car. 
MaiJS of [Fe III] AA-1659.35, ■1702.85*'^ and [N II] 
A5756.19 recorded in early phases following the 
2009.0 periastron event show changes in the wind 
structures excited by FUV radiation froni 
These results demonstrate that structural changes 
can be followed using specific forbidden lines, lead- 
ing to increased knowknlge about interacting wind 
properties, the parameters of the binary orbit and, 
most importantiy, the stellar pro(K^rties of r^. 

2. Observations 

The HST/STIS nm]>]>ing obstuvations were ob- 
tained after the successful re]mir of STIS dur- 
ing Service Mission 4. The first visit occuiTed 
in June 2009 (<2» = 12.084^^) a.s an early release 
obser%7ition denionstmting the repaired-STlS ca- 
pabilities (Program 11506 PI— .Noli). The second 
ami third visits were schedukxl in December 2009 
(a = 12.163) and October 2010 (<p = 12.323) un- 
der a CHANDRA/ //5T grant (Program 12013. PI 
Corcoran). 

Al! observations were performed with the 52" x 
lyH longslit. The strongest, most isolated, high- 
ionization forbidden etnissitui lines from the inner 
and outer WAVCZs are [Fe HI] A A 4659, 4702 and 


wavelengths 5ire measured hi vnenmm. 

^.All observations are referenCfdi by number relatj\'e to 
cycle t beginning 194S February, following the convention 
introduced by Groh Dajniueli (20(M). phase 0 is 

zeroed to JD24828iyi.a ± 0.5 with period F — 2022.7 ± 1.3 
days (Damineli et al, 2008b). 


[N II] A5756 (G09), Tlie SI IS gratings. G430M. 
mitered at A 4706* and G750M, centered at A5734, 
provide a spectral resolving power of about 8000. 

Spatial mapping was accotiiplished with the 
standard STIS-PERP-TO-SLIT mosaic routine 
using the 52"x^/^i aperture with multiple tf/1 off- 
set posit ion spacings centered on Eta Cariiiae. 
The size of the map. given limited foreknowl- 
edge of the extended forbidden emission struc- 
ture* was adjusted with each visit based upon 
tlie cinticipated longslit position an- 

gle (PA), pre-determined by the //5T solar panel 
orientation. As buffer dumps impact, the total 
inU'gralion time, only the central CCD rows* typ- 
ically 61 (372) or 128 (674}* were read out- The 
PAs for each visit were PA — 79° (p — 12.084), 
- 12 r(0 = 12.163), and -167°(0 ^ 12.323). Since 
a full spatial map wjus obtained ^luring each vbit, 
the PA has little effect on the results presented 
here [see Figures I and 2). 

The data were reduced with STIS GTO CAL- 
STIS software. While? flat.u qtmliiy is similar to 
previous HST/^TIS observations of Eta Car ol> 
tained from 1998 to 2004 (Davidson et al. 2005: 
G09)* the CCD detector has increased numl>er 
of hot pixels, some bad columns, and increased 
charge transfer iiiefliciencit»s. Bright local contin- 
uum (Figure lb) wi\s subtracted from each pixel* 
isolating the faint forbkhlen line emission (Fig- 
ures Ic-i. 2). Velocity channels were co-adde^d 
to produce blue (”4(H) to -200 km s^^), low- 
velocity (-90 to -5-30 km tttid red (+100 
to +200 kms~^) images for each of the higli- 
ionization forbidden lines (Figure 2). Only the 
high velocity blue and refi maps are sensitive to 
the wind wind interact ion that we model in this 
prestmt work. The low vetocity maps are domi- 
nated by slow-moving, exiendcKl ejecta produced 
in the 19th century eruptions, and so are not dis- 
cussed in detail here. A refinemeut to the current 
model will include a sen^m of comlensations to ac- 
count for the low- velocity emission* 

3* Results 

3.1. Morphology and time evolution of the 
extended wund-wind collision 

For each phase, we conx pared velocity-se|>arateti 
images of iFe llF AA4659* 1702 and III A5T56. 
and found remarkable siinilantit?s in the blue and 


red images bet ween the ihree emission lines (see 
Figure 1 for June 2009, 0 ^124)81). Hereafter w^e 
focus on the [Fe Hlj A 1659 emission, which can- 
not be formed Ijy the primary star alone. Emis- 
sion of [Fe III] requires 16,2 eV photons from 
!/B* plus thermal collisions at electron densities 
approaching Ne = HP cm“^ (G09: MIO; Mil). 
By comparison, [N II] emission is produced by 
14*6 eV photons at electron densities approach- 
ing Np = 3x10^ cm”'^ As (he primary star, 
//A. produces significant numbers of 14,6 eV pho- 
tons (HOI). [N il] emission does not fully dis- 
appear during periastron (Damineli et al. 20Q8a; 
G09). However, the red emi*ssion from [Fe III] 
A4659.35 can be contaminated by blue emission 
from [Fe tlj A4665.75* Likexvise. the red emission 
image of [Fe 111] A4 702.85 may be depressed by 
He 1 A4714.47 alxsorption. Hence, we examined 
the [\ 11] ma])s to ensure little or no red high- 
ionization emission is prt^nt* 

Figure 2 shouts the time evolution of the blue, 
low- velocity, and red conqionents of [Fe III] A4659 
at orbital phases tp = 12.084, 12.163* and 12,323. 
The morphology' and geomef ry of the extended 
[Fe in] A4659 emission resol vwl by HST/STIS 
changes conspicuously as a function of velocity 
and time. The blue emission extends along the 
NE-SW direction, along FA 2 :^ 45°. which is 
similar to what has been suggested from previ- 
ous sparse fIST/STIS long-slit observations ob- 
tainefl at different orbital phases across cycle 11 
(G09. MclO. AHO. MU). At <i> =r 12*084, the 
linear structure is nearly symmetrical about the 
central region, but at later plnises becomes more 
diffuse* shifting to the S and SE. I'he rtni emis- 
sion is fuzzier, asymmetric and extends primar- 
ily to the X.NW at each phast'. In contrast, the 
low-velocity structure is larger and extends dif- 
fusely northward. The low- ve loci tv emission i*s 
heavily' dominated by emission iTom the Weigelt 
blobs (Weigelt k Ebersberger 1980) and a screen 
of fainter condensations (MelP), located within 
t he wind-bIov\ n cavity and thusiy obscuring the 
much fainter WWCZ contributions. While we de- 
scribe the qualitative changes of the low-velocity 
component* w^e defer the detailed modeling of this 
equatorial emission to a future paper* 

For discussion purposes, we now isolate the 
central core (miier <7.Mx(K^3) as repre^ntative of 
the inner WWCZ, and a time^variani extended 
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Fig- L — Comparison of red and blue images for isolated, high-ionization foi' bidden lines from the 0 =12-08-1 
observatiotrs (.June 2009). (a) HST/ACS image shows the 2^.^ 2x2^/ 2 box centered on Eta Carinae locatc^d 
within the 18'^ Homimcnlns as indicated in the small inset (HST archives). Strong continnimi (b) has been 
subtracted from each forbidden emission map. [Fe 111] A4659 emission (c), integrated from —400 to +200 
km s“^, has a very different spatial distribution from the continumrn Blue images, extracted from —400 
to -200 km for [Fe III] A4659 (d), A4702 (f) and [N II] A5756 (h) are similar for each ion, as are red 
images extracted from +100 to +200 km s”^ for [Fe III] A4659 (e), A4702 (g) and [N II j A5756 (i). Images 
are displayed as sqrt(ergs cm”^ s“^). North is up^ and east is left. 


structure as representative of the 
outer WWCZ. These two regions have very dif- 
ferent physical drivers. The central core exhibits 
X~ray (Pittard & Corcoran 2002) and He 1 emis- 
sion, along wdth strong forbidden line emission. 
The outer W\\ CZ* expanding ballistically, is best 
traced by strong forbidden line emission. The 
spatially-extended blue and red emission compo- 
nents are thought to ari.se in the outer W\\’CZ 
of Eta Car (G09), composed of material which 
was earlier part of the inner WWCZ, but over 
the past 5. 5- year period streamed outward {MiO: 
Mil). While the primai*>' wind is estimated to 
have a terminal velocity of 509 — 600 km s' ' , the 
peak radial velocity component of the forbidden 
emission lines appears to be^ 400 km At ter- 
minal velocity, the outer WWCZ expands at C//25 
per 5.5-year cycle, hence the current WWCZ. even 
at 0 =0-32d, is within the 073x0'.'3 core. 

Both the central and extended structures 
brighten with phase, but they clumgt^ diflerently. 


At o =12.084, the central core accounts for 1/3 
of the flux, but. brightens only thirty percent by 

=12.323. The extended emission more than 
doubles in brightness by 0 =12.323. Brightening 
of the velocity components within the coi'e and 
extended structures are likewise different- The 
brightness of the red component is nearly constant 
for both the core and the extended structure- The 
core blue component increases by sevent>' percent 
while the extended blue componenl doubles In 
brightness. The core low- velocity component in- 
creases only by fifty percent, but the lo^v- velocity 
extended component triples in brightness and aj> 
pears to shift further outward from the core. We 
note that between 0 — 12.163 and 12.323 the 
brightest low- velocity component shifts from the 
vicinity of Weigelt C, noted by MelU, to Weigelt 
B a-nd’o. 

These brightness changes in the core and ex- 
Letided structures support a scenaiio in w hich the 
current. WWCZ, namely the direct collision be- 
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Fig. 2.“ Tlie dmnging shape of high- ionization [Fe III] A4659 early in Eta Carinae's binary period. Top row: 
0 =12.084. Middle row: 0 =12.168. Bottom row: 0 =12.323. Left column: blue emission (—400 to -200 
km s”^}. Middle cohmin: 1 ow- velocity era ission (^90 to -<-30 kni s“"*). Riglit column: red eraission (+100 to 
+200 km s"^). Gaps betwreen the velocity intervals are purposefully excluded to show very separate \"elocity 
fields. The color bars show flux scaled by sqn(ergs cm”^s“b) 
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twetni the winds of and //u, is contained within 
tlie 0^/3 <liameter core* A fter each periastron pas^ 
sage* a new secondary- wdnd- 1 )lown cavity must 
form and expan<l outward* llie cavity rapidly ap- 
proaches a balance be I ween tlu* FL'V flux of tfB 
and the cavity wall structure at critical densit>'* 
lloweverj the outer cavity wall is ver>^ thin, ion- 
izes rapidly and drops in density allowing FUV 
radiation to pass outw>xrd into the nmoh larger, 
ballistically expanding outer cavity formed in the 
previous cycle. Williin this cavity, the FUV pho- 
tons encounter dense walls of primary wind. The 
grow’t b in brightness in the blue images* with little 
change in the red images, indicates expansion in 
the general direction of t.Iie ob.server* The larger 
increase in brightness of the low- velocity images 
sliow^ where the FUV radiation escapes through 
the multiple cavities built up by the %viiid of //b 
over many cycles* 

3*2, Comparison with a 3-D Dynamical 
Model 

Proper interpretation of t he mapping observa- 
tions requires a full 3-D dynamical model that 
accounts for the effect s of orbital motion on the 
WAVeZ* Here we use full 3-D Smoot lied Parucle 
Hydrodynamics (SPH) sinuiliuions of Eta Car's 
colliding wujids and radiative transfer codes to 
compute the intensity iti the [Fe III] A4659 line 
projected on the sky for a specified orbital ori- 
entation (MiO; AMI), Hie numerical simulations 
were performed using the same 3-D SPH code as 
tluit in Okazaki et ah (2008) with identical param- 
etei-s except for the mass loss rate of which we 
changed to 10“^ Mq yr"^ (HOI; HOG). The two 
stellar winds in our Simula t ion are also taken to 
lie adiabatic* In order to allow for a more direct 
comparison to the HST observations* tlie conipu- 
latioiial domaiii is a factor of ten larger than that 
of Okazaki et ah (2008) (i.e, ± IGOO AU ^ ± (Y!7). 
Details on the radiative transfer calculations can 
be found in MIO, Mil. 

Figures 3 and 4 compare tiie observed blue and 
red images at 0 = 12*163 and 12**323 with those 
pre<licte<l by the model for the *same vt'locity in- 
tervals. For simplicity, the zero reference phase of 
the spectroscopic cycle {Damineli et ah 2008a), is 
assumed to coincide with the zero reference phase 
of the orbital cycle (i*e* periastron passage) in 
the 3-D SPH simulation* In a highly^centric bt- 


naiy system like Ela Cai% the t wo values should be 
within a few weeks* which will not affect the ovtu’- 
ail conclusions {Groh et ah 2010b). The binary 
orbit is assumed to oriented with an inclination 
i = 138®, argument of periapsLs ui = 270"", and an 
orbital axis that Is aligne<l at tlie same PA on the 
sky as the symnietr>' axis of the Horminculus* 312® 
(Davidson et ah 2001)’^* 

'Fhe relatively compact central core produces 
little [Fc III] eniis*sion cis densities in the WWCZ 
walls greatly exceed the cTitic^^i.] density for effi- 
cieiit emission. The low- velocity maps* displayed 
on a flux scale similar to the scales for t he blue and 
red images* would be blank while the observed low 
velocity emission* heavily doniiiiated by flux from 
the Weigelt blobs and fainter slow- moving clumps, 
extends to the northwest. As mentioned in section 
3.1* we are refining the model to include such a 
screen* which will be a topic in a much more en- 
comp^issing paper. Hence only the red and blue 
comt>urients, successfully replicated in thi,s study, 
are presented in Figures 3 and 4. 

The spatial extent of the emission compares 
quite favorably between the oljservations and the 
models (Figures 3 and 4), w^iih the blue structures 
extending projected distances of 1" (2300 AU) 
along PA ^ 45® , and the red structures dispiaced 
to the XE of the core by tf/l to (230 to 
1000 AU). We display unreddened fluxes for the 
model structures due to known uncertainties of 
reddening. Model fluxes, reddened by s^o-20 us- 
ing typical ^interstellar* reddening values for stars 
in the vicinity of Eta Car (1101; *\Iel0) agree with 
the observa lions within a factor of a few. This 
discrepancy could arise due to uncertainties in 
th€^ a*ssnmed stellar parameters of ix>th stars, the 
retldening law and atomic physics* or systeniat- 
ics in the radiative transfer and liydrodynamical 
mofieling. However, reddening is highly variable 
across tlie Carinae complex. Moreover, redden- 
ing ijy dust in the Homunculus and within the 
extended core of Eta Car may change on very 
small scales. Hence we cliose to display nn red- 
dened model fluxes in Figures 3 and 1. 


Hlrtvidsoii et aJ. (2001) deierriUmffl tlu* Homunciiljjs axis of 
symmt'lry to be tiked 42 into thv hky plane. Ue refer the 
reader to Ml! for detailed dbeussjon of the birtarv' orbital 
iticliiiatton at 138^=180^*42*. 
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Fig. 3* — Comparison of 0^12.163 blue and reel components to 3*D dynamical modei. Top row: Observed 
blue and red images. Boiiotn How: 3-D SPH/radiative transfer images. Left column: -400 to —200 km s“L 
Right column: 4-100 to ^200 km Color display in all images is on a stpiare root scale of ergs cm“^ 
North is up. 
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Fig* 4.— Comparison of 0 — 12.323 blue and red components to 3-D dynamical model as in Figure 3. 
Changes are subtle as ifB physically is close to the position of apastron; the ionization structure is primarily 
expanding. 
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4. Discussion 

This work represents the first time the exteiidcKi 
WWCZ of a massive colliding wind binary sys- 
tem has been imaged using high- ionization forbid- 
den emission lines. Spaliab and velocity-extended 
emission* recorded by individual //577STIS longslit 
observations at various phases and PAs* provided 
impetus to expaml 3-D models to simulate the 
wind dynamics leading to this emission Indeed, 
the initial 3-D dynainiral model above produces 
red and l>lue images that are similar to those ol>- 
served* From miilliple longsHl observations, C09, 
MIO and Mil demonstrated Uiai the binary orbit 
could be fully constrained in 3-D, The notice^ 
able syinnietiy' in velocity for okservfations taken 
at PA-3S^ (G09) is now reinforced hy the spa- 
tial symmetry about the central core in the blue 
maps. Out modeling, of tlie observed nmi>s sug- 
gests that the argument of |ieriapsis must be closi^r 
to uj -270"^ than 240°, thus further relnfordiig 
the result that t]b is on the nmiv side of tjA at 
apastron, wdth periiislrou passage on the far siile 
(Damineli et al. 1997; Pittard & Corcoran 2002; 
Obizaki et a!. 2008; Parkin et ab 2009; G09, MIO; 
MU). 

These and future spatial maps of Eta Car's 
high-ionization forbidden emission liave the poten- 
tial to determine the nature of the unseen compan- 
ion star f/B- The mass-loss rate of ionizing 

flux of pliotoiis from m determine which regions of 
Eta Car's W^VCZ are pliotoionized and capable of 
producing high-ionization forlndden line emission 
like the forbidden emission from due to 16.2 

eV ratUation. Comparing i!us mass model loss 
rates and ITV fluxes to those of stellar models for 
a range of O (Martins et a!. 2005; MelO) and U R 
(Crow^her 2007) stars would allow one to oln.ain a 
luminosiiy and temperature for j/b- Both the cur- 
rent model (MIO; Mil) and previous individual 
//577STIS longslit observations (C09) show major 
dmnges with orbital phase, especially near perias- 
tmiL Mappings at multiple phases around perias- 
Iron are therefore essential in order to determine 
when the FUV radiation from becomes trapped 
in the dense wind of //a the extended high- 
ionization emission vanishes, and likewise when tfs 
emerges from t]a^s wind anti the extended emission 
returns. 

This approach has a number of advantages 


over previous l-D modeling effortB to constrain 
r/n's properties (Verner et al. 2005: MelO), which 
probe the ionization structure of the Weigelt 
blobs. Such l-D models make considerable as- 
sumptions about the physical conditions within 
i.he blobs and intervening material, leading to poor 
const raints on the luminosiiy of j/b* 

Eta Car is v-ariable, not only on a 5,5-year pe- 
riod, IduI has a centurie.s-long history of variation, 
including two major eruptions (Davidson k Humphreys 
1997; Humphreys et al. 21108: Smith k Frew 2010), 
These high-ionization IVjrbhlden emission lines 
are powder Fnl tools for monitoring changes in the 
WWCZ. providing cpiantiUitive information on 
the properties of the individual binary compo- 
nents and changes thereof, including a historical 
record of the recent decadt^long mass loss from 
the primary. Following this system will provide 
unique information on how a massive star, during 
the LBV stage, loses much of Us mass on its way 
to becoming a supernova. 

We sincerely thank G, Weigelt, S. Owocki, A. 
Damineli and A. Obizaki for many fruitful discus- 
sions and encouragements, TG acknowledges the 
hosjjitality of MPIR during his multipie visits. We 
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